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ABSTRACT
The merger of dark matter halos and the gaseous structures embedded in them, such as proto-galaxies,
galaxies, and groups and clusters of galaxies, results in strong shocks that are capable of accelerat-
ing cosmic rays (CRs) to ∼> 10 PeV. These shocks will produce high-energy neutrinos and γ-rays
through inelastic pp collisions. In this work, we study the contributions of these halo mergers to
the diffuse neutrino flux and to the non-blazar portion of the extragalactic γ-ray background. We
formulate the redshift dependence of the shock velocity, galactic radius, halo gas content and galac-
tic/intergalactic magnetic fields over the dark matter halo distribution up to a redshift z = 10. We
find that high-redshift mergers contribute a significant amount of the cosmic-ray luminosity density,
and the resulting neutrino spectra could explain a large part of the observed diffuse neutrino flux above
0.1 PeV up to ∼ PeV. We also show that our model can somewhat alleviate tensions with the extra-
galactic γ-ray background. First, since a larger fraction of the CR luminosity density comes from high
redshifts, the accompanying γ-rays are more strongly suppressed through γγ annihilations with the
cosmic microwave background (CMB) and the extragalactic background light (EBL). Second, mildly
radiative-cooled shocks may lead to a harder CR spectrum with spectral indices of 1.5 ∼< s ∼< 2.0.
Our study suggests that halo mergers, a fraction of which may also induce starbursts in the merged
galaxies, can be promising neutrino emitters without violating the existing Fermi γ-ray constraints
on the non-blazar component of the extragalactic γ-ray background.
Keywords: cosmic rays — galaxies: halos — galaxies: clusters: general — neutrinos — gamma rays:
diffuse background
1. INTRODUCTION
Neutrino astrophysics has made substantial progress
since the IceCube Neutrino Observatory in Antarctic
(e.g., Gaisser & Halzen 2014; Halzen 2016, for reviews)
(hereafter, IceCube) was completed. During the last
half decade, scores of high-energy (HE) astrophysical
neutrinos with energies between ∼ 10 TeV and a
few PeV have been detected by IceCube, and the
number keeps growing (Aartsen et al. 2013a,b, 2014,
2015). The arrival directions of these neutrinos are
compatible with an isotropic distribution even in the
10 − 100 TeV range, suggesting that a large part
of these diffuse neutrinos come from extragalactic
sources. Non-observation of diffuse Galactic γ-rays
from the Galactic plane and other extended regions
independently suggest that the Galactic contribution
(e.g., by Fermi bubbles or local supernova remnants)
is unlikely to be dominant (Ahlers & Murase 2014;
cxy52@psu.edu
Apel et al. 2017; Abeysekara et al. 2017a,b). However,
despite extensive efforts, the physical nature of the
sources of the diffuse neutrinos still remains in dispute.
Possible candidates include gamma-ray bursts (GRBs)
(e.g., Waxman & Bahcall 1997; Meszaros & Waxman
2001; Murase 2008; Wang & Dai 2009; Baerwald et al.
2013; Bustamante et al. 2014; Tamborra & Ando 2016),
low-power GRBs (Murase et al. 2006; Gupta & Zhang
2007; Murase & Ioka 2013; Xiao & Dai 2014, 2015;
Senno et al. 2016; Denton & Tamborra 2017), radio-
loud active galactic nuclei (AGNs) (e.g., Mannheim
1995; Halzen & Zas 1997; Anchordoqui et al.
2008; Murase et al. 2014; Dermer et al. 2014;
Becker Tjus et al. 2014; Petropoulou et al. 2015;
Padovani et al. 2015; Blanco & Hooper 2017), radio-
quiet/low-luminosity AGNs (Stecker et al. 1991;
Alvarez-Mun˜iz & Me´sza´ros 2004; Stecker 2013;
Kimura et al. 2015), and AGNs embedded in galaxy
2 Yuan et al.
clusters and groups1. It is generally accepted that
the bulk of astrophysical neutrinos are generated
by charged pion (π±) decays, and that these pions
are the secondaries from cosmic ray (CR) particles
undergoing hadronuclear (pp) or photohadronic (pγ)
interactions between the CRs and ambient target gas
nuclei or photons. Meanwhile, these collisions also
lead unavoidably to neutral pions (π0) as well, which
subsequently decay into a pair of γ-rays. Hence, the
diffuse neutrino flux is expected to have an intimate
connection with the diffuse CR and γ-ray backgrounds,
and multi-messenger analyses need to be applied to
constrain the origin of these diffuse high-energy cosmic
particle fluxes (Murase et al. 2013, 2016; Bechtol et al.
2017).
Galaxy clusters and groups have been considered
as promising candidate sources of IceCube’s neutri-
nos, and CR accelerators can be not only AGNs
but also intragalactic sources, accretion shocks, and
mergers of clusters and groups (e.g., Murase et al.
2008; Fang & Murase 2018). Star-forming and star-
burst galaxies (SFGs & SBGs, respectively) have also
been suggested as promising candidates for HE neu-
trino sources (e.g., Loeb & Waxman 2006; Murase et al.
2013; Tamborra et al. 2014; Anchordoqui et al. 2014;
Chang & Wang 2014; Chang et al. 2015; Senno et al.
2015; Chakraborty & Izaguirre 2015). In particular,
starburst galaxies have dense gaseous environments and
have been of interest as efficient CR reservoirs. Previous
studies have assumed not only supernova and hypernova
remnants (SNRs & HNRs, respectively) but also galaxy
mergers, disk-driven outflows and possible weak jets
from AGNs as CR accelerators embedded in the star-
forming galaxies (Murase et al. 2013; Tamborra et al.
2014; Kashiyama & Me´sza´ros 2014; Senno et al. 2015;
Chakraborty & Izaguirre 2015; Lamastra et al. 2017).
Hypernovae (HNe) are a subclass of Type Ib/c super-
novae (SNe), essentially a hyper-energetic version of Ib/c
SNe. The typical ejecta energy of HNe is 1052 erg,
which is one order of magnitude larger than for SNe.
Like SNRs, a hypernova remnant (HNR) leads to an
extended structure that results from a hypernova ex-
plosion. In any case, an important constraint on such
models is provided by the extragalactic γ-ray back-
ground (EGB) in the 100 MeV − 820 GeV range, de-
rived from the observation by the Fermi-LAT satellite
(Ackermann et al. 2015). Recent studies of the blazar
flux distribution at γ-ray energies above 50 GeV indi-
cate that blazars account for 86+16−14% of the total EGB
flux (Ackermann et al. 2016). This provides a strong
1 Groups of galaxies are smaller clusters, numbering from a few
to dozens of galaxies.
constraint, namely, only a fraction ∼< 30%, with a best
fit of 14%, can be ascribed to any remaining non-blazar
component of the EGB (see also Lisanti et al. 2016).
With this constraint, the SBG scenario is apparently
disfavored as the dominant origin of IceCube neutri-
nos (Bechtol et al. 2017). However, so far, this con-
clusion depends on the interpretation of the medium-
energy neutrino data in the 10 − 100 TeV range. For
example, the cumulative neutrino background may con-
sist of two components, in which the high-energy data
above ∼ 100 TeV can be explained by the SBGs. On
the other hand, the 10− 100 TeV component motivates
CR accelerators that are “dark” in γ-rays (Murase et al.
2016) to satisfy multi-messenger constraints. The γ-rays
may be attenuated inside their sources, or they might be
absorbed during the propagation. Possible candidates
include choked-jet GRBs or high-redshift sources such
as Pop-III HNRs embedded in starbursts (Xiao et al.
2016).
In this paper, we focus on halo mergers as an origin
of HE neutrinos. In the standard hierarchical galaxy
formation scenario, galaxies form inside extended dark
matter halos. When dark matter halos merge, the galax-
ies in these halos also merge, and the collision of the cold
gas in the merging galaxies leads to shocks on a galac-
tic scale in the galactic interstellar medium (ISM) gas.
Later in the process of cosmological structure forma-
tion, at lower redshifts where galaxy groups and galaxy
clusters have started forming, mergers among the dark
matter halos containing these groups and clusters are
also expected, These mergers are very energetic and re-
sult in shocks in the intergalactic medium (IGM) gas of
the participating groups/clusters. One vivid example is
the Bullet Cluster (Clowe et al. 2004; Markevitch et al.
2004). Both these galactic and group/cluster shocks can
accelerate CRs. The subsequent pp collisions between
the shock-accelerated CRs and the thermal atomic nu-
clei in the gaseous environment is the major mechanism
that generates HE neutrinos in these systems.
Here, we consider this scenario of both galactic scale
shocks in the galactic ISM and group/cluster scale
shocks in the intergalactic gas across redshifts. Whereas
in a previous study (Kashiyama & Me´sza´ros 2014) only
major galaxy mergers (mergers of two galaxies of ap-
proximately the same size) at z ∼ 1 were considered,
here take into account the redshift evolution of the halo
merger rate, and consider both galaxy and cluster merg-
ers, including both major and minor mergers (the latter
being those where the participating galaxies or clusters
have mass ratios ζ 6= 1). We calculate the CR produc-
tions in the corresponding shocks at redshifts 0 ≤ z ≤ 10
and we find that high redshift (z ∼> 1− 2) halo mergers
contribute a significant part of the observed diffuse HE
neutrinos and γ-rays.
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Figure 1. Dark matter halo mass function dN/d lnM at
z = 0, 1, 2, 3, 4, 5. Here, we use the fitting formula from
Sheth & Tormen (1999).
This paper is organized as follows. In §2, we introduce
the halo mass function and the halo distribution that is
used in the following sections. The merger rate and the
CR energy input rate are given in §3. In §4 we discuss
the redshift dependence of the CR maximum energies
and the neutrino product efficiency, and we calculate
the resulting neutrino and the γ-ray fluxes. The results
and implications are discussed in §6. Throughout, we
assume a standard flat-ΛCDM universe with present-day
density parameter Ωm,0 = 0.3 and Hubble parameter
H0 = 71.9 km s
−1 Mpc−1(Bonvin et al. 2017).
2. HALO MASS FUNCTION
Using the formalism of Press & Schechter (1974), the
halo mass function, the number of dark matter halos per
unit comoving volume contained within the logarithmic
mass interval d lnM , is given by
dN
dlnM
=
ρ¯
M
f(ν)
dlnσ−1M
dlnM
, (1)
with the background matter density ρ¯ = Ωm,0ρcr where
ρcr = (3H
2/8πG) is the critical density, and the vari-
ance σM of the linear density contrast δ ≡ (∆ρ/ρ¯) is
smoothed over the scale R =
(
3M
4piρ¯
)1/3
:
σ2M =
∫
k2dk
2π2
P (k)|Wˆ (kR)|2 . (2)
Here, P (k) is the linear matter power spectrum we cal-
culate following Lewis et al. (2000), and Wˆ (kR) =
3j1(kR)/kR for a top-hat filtering function. The sig-
nificance ν = δc/σM is related to the linear critical den-
sity δc above which virialized halos can form
2. In the
2 In some references, e.g. in Sheth & Tormen (1999), ν =
(δc/σM )
2 is used instead of our definition here.
spherical collapse model, for example, a spherical re-
gion of radius R collapses and virializes at redshift z
when the smoothed linear overdensity δR(r, z) exceeds
δc,0 ≈ 1.686. In the flat ΛCMD Universe, the linear
growth factor, the time evolution of the linear density
contrast, is given by
D(z) =
δc(z)
δc,0
∝
5
2
Ωm,0
√
Ωm,0(1 + z)3 + 1− Ωm,0
×
∫ ∞
z
1 + z′
[Ωm,0(1 + z′)3 + 1− Ωm,0]
3/2
dz′.
(3)
We normalize D(z) to be unity at z = 0.
For the multiplicity function f(ν), we adapt the
Sheth-Tormen (Sheth & Tormen 1999) fitting formula,
expressed in the form
fS−T (ν) = A
√
2a
π
[
1 + (ν2a)−p
]
ν exp
[
−
aν2
2
]
, (4)
with parameters A = 0.3222, a = 0.707, and p =
0.3 that provide the the best fit to numerical N-
body simulations (Jenkins et al. 2001; Reed et al. 2006;
Murray et al. 2013). We show the resulting mass func-
tion dNdlnM for redshifts between z = 0 and z = 5 in figure
1. Our mass function slightly underestimates that from
the N-body simulations at high masses of ∼> 10
15 M⊙,
but it does not affect the main results of this paper. We
shall use the mass functions in the following sections to
estimate the redshift evolutions of galactic radius, gas
density and shock velocity.
3. MERGER RATE AND COSMIC-RAY
LUMINOSITY DENSITY
In this section, we calculate the CR input rate due to
galaxy and halo mergers by using the halo mass func-
tion we have obtained in §2, and we estimate the energy
converted into CRs from shocks in the gas component
of the merging halos as follows.
There are three time scales characterizing the CR ac-
celeration due to galactic halo mergers: the age of the
Universe tage, the halo merger time tmerger which cor-
responds to the average time required to undergo one
merger, and the CR injection time (that is the shock-
crossing time) tdyn, which are, for a merger that happens
at redshift z, given by
tage =
∫ ∞
z
∣∣∣∣ dtdz′
∣∣∣∣ dz′
tmerger =
[∫
dζ
dNm
dzdζ
∣∣∣∣dzdt
∣∣∣∣
]−1
tdyn = λ
Rg(z)
vs(z)
.
(5)
Here, |dt/dz| = 1/[(1 + z)H(z)], dNm/dzdζ (given by
4 Yuan et al.
Fialkov & Loeb 2016; Fakhouri et al. 2010) is the di-
mensionless merger rate per redshift interval dz and per
unit halo mass ratio ζ, Rg(z) is the mean galaxy radius,
and λ ∼ 1 parametrizes the orientation and geometri-
cal uncertainty of the galaxy merger. With these time
scales, the probability that a halo with mass M expe-
riences merger within the age of the universe is given
by P (M, z) = exp(−tmerger/tage). Hence, assuming that
the CRs are mainly protons, the comoving CR energy
input rate per the logarithm of the CR energy εp is
εpQεp(z) =
Emerger
tageC
=ǫpC
−1
∫ Mmax
Mmin
dM[
1
2
ξg(M, z)Mv
2
s
]
dN
dM
P (M, z)
tage
,
(6)
where ξg(Mh, z) =Mgas/Mh is the mass fraction in gas
form, ǫp is the CR energy fraction (nominally taken as
0.1) and C = ln(εmaxp /ε
min
p ) is the normalization factor
for a standard flat CR spectrum N(εp) ∝ ε
−2
p . For z ∼
1, the typical maximum energy, εmaxp , is ∼ 10
17 eV and
C ≃ 18.4 (Kashiyama & Me´sza´ros 2014). However, εmaxp
varies with redshift, as we discuss in the next section.
3.1. Gas-mass fraction ξg(M, z)
The gas-mass fraction ξg of dark matter halos depends
on the star formation rate (SFR) and on the stellar mass
M∗ = χ∗(Mh, z)Mh. Here, we obtain χ∗ = M∗/Mh
from the M∗(Mh) function inferred from observations
by Behroozi et al. (2013)3. We also use the gas fraction
in normal galaxy fg =Mgas/(Mgas +M∗)
4 measured in
Sargent et al. (2014). Combining the two observational
results, we have constructed the redshift evolution of
the gas-mass fraction in dark matter halos. That is,
the gas-mass fraction ξg is related to fg through ξ
evo
g =
Mgas/Mh =
χ∗fg
1−fg
, and using Eq. (26) in Sargent et al.
(2014), we find that
ξevog = χ∗
fg
1− fg
= χ∗
K
M1−β
′
∗
sSFRβ
′
(7)
where K = 10αSFR is a constant and the quantity sSFR
(specific star formation rate) is the star formation rate
per unit galaxy stellar mass. For the gas fraction in
normal galaxies we use the parameters (αSFR, β
′) =
(9.22 ± 0.02, 0.81± 0.03), together with the expression
for sSFR given in the appendix of Sargent et al. (2014).
3 In Behroozi et al. (2013), theM∗−Mh relation from z = 0−8
is parameterized by equation (3). Here, we extend the domain of
that function to z = 10 considering that the uncertainty from
high-redshift contributions is small.
4 In Sargent et al. (2014), the gas fraction is written as fmol
instead.
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Figure 2. Redshift-dependent gas fraction ξg(z) (red solid
line) compared to a constant gas fraction ξg = 0.05 (red
dashed line) for redshift-dependent shock velocity with σ0 =
300 (blue solid line) and with σ0 = 500 (blue dashed line),
respectively.
In Fig. 2 (see red curves), we show the redshift evolution
of the mean gas-mass fraction,
〈ξevog 〉 =
∫
ξevog
dN
dM dM∫
dN
dM dM
, (8)
as well as the constant gas fraction, ξg = 0.05.
In our calculation, we take the lower and upper limit
of the integration in Eq. (6) as Mmin = 10
10 M⊙ and
Mmax = 10
15 M⊙, respectively. There are two main
reasons to choose the lower bound 1010 M⊙. First,
considering the applicability of the M∗(Mh) relation
from Behroozi et al. (2013) and the gas fraction func-
tion (Eq. 7), it is safe to truncate the halo mass at
Mh ∼ 10
10 M⊙. Typically, dwarf galaxies reside in halos
with mass less than 1010 M⊙ and we only have the con-
straints from observations at z ≃ 0. In our model, we
consider the contribution from galaxy mergers up to the
redshift z = 10 where the M∗(Mh) function is not well
tested for the lower halo masses. Also, the gas fraction
function (Eq. 7) is modeled from (normal) star-forming
galaxies (Sargent et al. 2014) and may not be valid for
dwarf galaxies. Second, we estimate the low-mass halo
contribution to CR luminosity density by extending the
lower bound to 108 M⊙ and found that the the contri-
bution from 108 − 1010 M⊙ halos is ∼< 10% of the total
luminosity density in the low redshift (z ∼< 3), which im-
plies that the conclusion of this paper does not depend
sensitively on the mass range.
3.2. Shock velocity vs
In the hierarchical clustering of large-scale structure
scenario, the galactic-size halos are contained inside
larger cluster-size halos. The peculiar velocities of the
galactic-size halos are, therefore, of order of the virial
velocity of the cluster-sized halo. Here, we approximate
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the shock velocity of the galaxy merger from the pair-
wise velocity dispersion projected along the line of ap-
proach of two galaxies. For galaxies with a luminos-
ity L ≈ L∗ (where L∗ is the characteristic luminosity),
Davis & Peebles (1983) showed that the two-point corre-
lation function at r < 20h−1 Mpc can be approximated
by a power law
ξ(r) =
(
r
r0
)γ
, (9)
where γ ≈ 1.7 and r0 ≈ 5h
−1 Mpc is the correlation
length, inside which galaxies are strongly correlated.
Combining the hierarchical form of the three-point cor-
relation function of galaxies (Groth & Peebles 1977) and
the cosmic virial theorem derived from the Layzer-Irvine
equation, the collision (or shock) velocity can be written
as
vs=
√
σ¯2(r)
≃σ0
(
r0
5h−1 Mpc
)γ/2(
r
1h−1 Mpc
)−γ
km s−1.(10)
Given the average density of halos, we can estimate the
average separation of galaxies through
r =
(∫
dN
dM
dM
)−1/3
. (11)
For our calculation it is necessary to consider the red-
shift dependance of the correlation function ξ(r) in the
nonlinear regime. As a useful approximation, we adopt
the stable clustering (SC) hypothesis (Peebles 1974;
Davis & Peebles 1977), in which only the size (or sep-
aration between structures) of the clusters changes in
time while the internal density structure of clusters stays
intact. This leads to ξ(r, z) ∝ (1 + z)γ−3 and r0 ∝
(1 + z)−(3−γ)/γ. Note that we only need the evolution
of the nonlinear scale r0, which is defined by ξ(r0, z) =
1. A more accurate treatment (Hamilton et al. 1991)
describes the evolution of ξ(r, z) from the linear to
the nonlinear regime, and this treatment was general-
ized by Peacock & Dodds (1996) and by Smith et al.
(2003) using another formula for the nonlinear function.
This generalized method gives ξ(r, z) in the quasilinear
regime and confirms that ξ(r, z) ∝ (1 + z)γ−3 is valid
in the nonlinear limit as well. Therefore, in this paper,
we use rSC0 ∝ (1 + z)
−(3−γ)/γ in Eq. (10) to find the
shock velocities. We show the redshift dependence of
the shock velocity vs(z) in Fig. 2 (see blue curves).
Note that, in our approximation of the shock velocity
[Eq. (10)], the galaxy separation r given by Eq. (11) is
overestimated, since this latter equation takes an aver-
age of the galaxies in a cosmological volume including
clusters and voids. The mean separation of the galaxies
in clusters, therefore, must be smaller than the value
that we have adopted here, and this overestimate of
r would give a slight underestimate of vs inside clus-
ters. As a possible way to correct for this, we note
that redshift surveys give σ0 ∼ 500 (Jing et al. 1998;
Hawkins et al. 2003; Zehavi et al. 2002) as an average
value for mergers in clusters. A qualitatively appro-
priate correction for the cluster shock velocity may be
obtained by scaling up σ0 in Eq. (10) from the local
average value, concluding that a realistic value of σ0
for clusters is in the range 500 ∼< σ0 ∼< 600. In terms
of rates, most galaxy mergers occur in the smaller mass
halos containing fewer galaxies, as opposed to large clus-
ters. Considering the observational and theoretical un-
certainties, we expect that the values of σ0 lie in the
range of 100 ∼< σ0 ∼< 1000, and we take 300 ∼< σ0 ∼< 500
as fiducial values.
4. NEUTRINO AND γ-RAY PRODUCTION
Since in our model we need to consider the neutrino/γ-
ray production rate up to redshift z = 10, we introduce
here the redshift evolution function of the gas density,
g(z) = n(z)/n(z = 0). To define this function we use
the result that a sphere of gas will collapse and virial-
ize once its density exceeds the value 1.686D(z)−1ρc(z)
(Peebles 1980). The mean density of the virialized gas
is ∆cρc(z), where ρc(z) = 3H(z)
2/(8πG), and an ap-
proximation of ∆c(z) is ∆c ≈ 178Ω
0.45
m (Eke et al. 1998),
where Ωm = Ωm,0(1+z)
3/[Ωm,0(1+z)
3+1−Ωm,0]. Since
clusters are the largest virialized objects in the universe,
we take ρcl(z) = g(z)ncl,0mp ∝ ∆cρc(z), and we assume
that galaxies, halos and clusters all share a universal
g(z),
g(z) =
∆cρc(z)
∆c,0ρc(0)
= (1+z)1.35[Ωm,0(1+z)
3+1−Ωm,0]
0.55.
(12)
In the following sections, the relations ng(z) =
g(z)ng,0, ncl(z) = g(z)ncl,0 will be used for the post-
shock magnetic field and pp optical depth.
4.1. Galaxy mergers
The maximum energy of CRs accelerated in the
merger shocks will also evolve with z due to the red-
shift dependance of the typical galactic radius and mag-
netic field characterizing the shocks. The magnetic
field behind the shock in a galaxy merger is com-
monly parametrized as a fraction of the ram pressure
(Kashiyama & Me´sza´ros 2014), B2s/8π =
1
2ǫBngmpv
2
s ∝
ρv2s . This implies a magnetic field
Bs=
√
4πǫBng,0mpg(z)v2s
≃ 14 ǫ
1/2
B,−2n
1/2
g,0 g(z)
1/2 ×
( vs
300 km s−1
)
µG.(13)
The magnetic field in the disk region is expected to be
higher than that in the halo region. Although details
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depend on the geometry, for simplicity, we assume that
a reasonably strong magnetic field is expected over scales
between the galaxy radius Rg and a gas scale height hg,
which is taken as the characteristic scale height h ∼
(3hgR
2
g/2)
1/3
in this work. Then, the maximum CR
energy is estimated to be (Drury 1983)
εmaxp ∼
3
20eBsh
vs
c ≃ 1.3× 10
16 eV
(
Bs
30 µG
)
×(
h
3 kpc
) (
vs
300 km s−1
)
. (14)
The CRs are advected to the far downstream, and pro-
duce neutrinos and γ-rays during the advection. In
reality, one needs to calculate neutrinos and γ-rays
from the post-shock region especially when the pp op-
tical depth in the CR acceleration region is domi-
nant. The emissions occur during tdyn ∼ h/vs ≃
9.8 Myr (h/3 kpc)(300 km s−1/vs). In this work, for
simplicity, we take the CR reservoir limit, in which the
CRs mostly escape into the ISM and the neutrino and
γ-ray production mainly occurs in the ISM.
After the CRs are accelerated in the shock, they will
propagate in the host galaxy and cluster. In this process,
neutrinos and γ-rays are generated from pions produced
in inelastic pp collisions. The meson production effi-
ciency is 1−exp(−fpp) where fpp = cκppσppg(z)
∑
ni,0ti
is the effective pp optical depth. In this expression, ni,0
is the local gas density of the medium, e.g. galaxies and
clusters, σpp = σpp(εp) is the pp cross section given by
Kafexhiu et al. (2014), κpp = 0.5 is the inelasticity co-
efficient and g(z) (see Eq. (12)) represents the redshift
evolution of the gas density.
Let us consider galaxies that are merging at z. Inside
the merged galaxy, fgpp is determined by the time spent
by the CRs undergoing pp collisions, which depends on
the CR injection time and and the diffusion time in the
medium. The dynamical time is given by the third of
Eq. (5), while the diffusion time is tdiff = h(z)
2/(6Dg),
where h(z) is the effective gas size at z and Dg is the dif-
fusion coefficient in the galactic ISM gas. Here, we use
a combined large and small angle diffusion expression as
in Senno et al. (2015), D = Dc[(ε/εc,g)
1/2 + (ε/εc,g)
2],
where Dc = crL(εc,g)/4 and εc,g is determined from
rL(εc,g) = lc/5. Here, rL and lc are the Larmor radius
and coherence length in the galaxy environment respec-
tively. For local normal galaxies, the gas density in the
disk is ng,0 ∼ 1 cm
−3, whereas the average density in the
galactic halo is smaller, ng,0 ∼ 0.1 cm
−3. The magnetic
field of local normal galaxies is ∼ 4 µG and that of star-
forming galaxies is ∼ 6 µG, respectively (Keeney et al.
2006; Crocker 2012). For the density and magnetic field
of merging galaxies, we take values higher than those of
normal galaxies, since the galaxies may enter the star-
burst phase during the merger. Specifically we adopt a
mean value ng,0 = 1 cm
−3. Thus, we have
tdiff ≃ 3.2× 10
5 yr
(
h(z)
3 kpc
)[
(ε/εc,g)
1/2 + (ε/εc,g)
2
]−1
(15)
where
εc,g ≃ 1.7× 10
9 GeV
(
h(z)
3 kpc
)(
Bg
30 µG
)
. (16)
Calculations of the neutrino and γ-ray emission de-
pend on details of the spatial extension and time evo-
lution of the shock region and its surrounding envi-
ronment. The latter is also modified by the shock,
star-formation, and outflow. For simplicity, we treat a
double-galaxy merger system as one CR reservoir for
the injection by the merger shock, which is conser-
vative since there should also be the emissions from
the accelerator. A similar treatment for neutrino
sources with active accelerators is used in the galaxy
cluster model (Murase et al. 2008; Fang & Murase
2018). Then, the effective pp optical depth is esti-
mated to be fgpp = κppcg(z)ng,0σppmin[tdyn, tdiff ] ≃
0.24 g(z)
( ng,0
1 cm−3
) ( σpp
50 mb
) (min[tdyn,tdiff ]
10 Myr
)
in the merg-
ing galaxy system. The ambient magnetic field en-
ergy may be taken to be a fraction of the merging
galaxy system’s virial energy, as B2gR
3
g ∝ GM
2
g /Rg, i.e.
Bg ∝ ρgRg ∝ g(z)Rg(z).
The typical galactic radii evolve with redshift z, and
considering the merger history of galaxies, it is apparent
that the mean radii of galaxies at z should be smaller
than Rg,0/(1+z), whereRg,0 ≈ 10 kpc is the radius of lo-
cal Milky Way-like galaxies. Shibuya et al. (2015) stud-
ied the redshift evolution of the galaxy effective radius re
using Hubble Space T elescope (HST) samples of galax-
ies at z = 0 − 10, finding re ∝ (1 + z)
−1.0 − (1 + z)
−1.3
with re ∝ (1 + z)
−1.10±0.06 as a median. Hence, in this
paper, we assume that the average galaxy radius evolves
with respect to z as Rg = Rg,0(1 + z)
−1.10.
As for the scale height hg(z), based on the surface pho-
tometry analysis of edge-on spiral galaxies, e.g. NGC
4565, it has been shown that the scale height of gas in
local disk galaxies is approximately hg,0 ≈ 300 − 400
pc (Bahcall & Soneira 1980; Van Der Kruit & Searle
1981). Later studies of NGC 891 (Kylafis & Bahcall
1987), NGC 5097(Barnaby & Thronson Jr 1992) etc.
also agree with this estimate. Considering that a merger
can lead to entering a star-forming phase, we assume
hg,0 = 500pc and we assume the same redshift depen-
dence as for Rg, e.g. hg(z) = (1 + z)
−1.10hg,0. Then we
take h = (3hgR
2
g/2)
1/3
.
4.2. Interactions in the host cluster and cluster
mergers
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After escaping the galaxy, the CRs may continue
to collide with the gas of the host cluster, where
tdiff = Rcl(z)
2/(6Dcl). Here, we assume a mag-
netic field Bcl,0 ≈ 1 µG with a coherence length
lc,cl ≈ 30 kpc. This implies εc,cl ≈ 5.6 × 10
9 GeV.
For a cluster of mass 1015 M⊙, the virial radius is
Rcl,0 = (3M/(4πρcl,0))
1/3 ≈ 2.1 Mpc. Since Rcl is
the approximate boundary of clustered/correlated
galaxies, it should have the same redshift dependence
as rSC0 . Using the stable clustering approxima-
tion, we obtain Rcl ∝ (1 + z)
−(3−γ)/γ. Similarly,
we can calculate the diffusion time in clusters as
tdiff,cl = 1.2[(ε/εc,cl)
1/2 + (ε/εc,cl)
2]−1 Gyr. As-
suming that the injection time of CRs (tinj) at
redshift z is the cluster age (of order the Hub-
ble time) tage(z), likewise we obtain the optical
depth f clpp = κppcg(z)ncl,0σppmin[tinj, tdiff,cl] ≃
0.24 g(z)
( ncl,0
10−3 cm−3
) ( σpp
50 mb
) (min[tage,tdiff ]
10 Gyr
)
, where
ncl,0, the intercluster gas density, is assumed to
have the typical value ncl,0 ∼ 10
−4 − 10−2 cm−3
(Croston et al. 2008), which can be higher in cooling
core clusters. The magnetic field may also depend on z
as Bcl ∝ ρclRcl ∝ g(z)Rcl(z).
Halo mergers will also lead to galaxy group and galaxy
cluster mergers, after some halos have grown above a
certain size which may be taken to be roughly of order
Mh ∼ 10
13 M⊙. We simplify the calculations as follows.
For low-mass mergers, we expect that the pp interactions
occur mainly in gas with an ISM density characteristic
of galaxies, while for high-mass mergers the pp interac-
tions occur mainly in gas with an IGM density charac-
terizing the intra-cluster gas. In addition, there will be
a component of pp interactions due to low-mass merger
CRs which escape from the colliding galaxy system into
the IGM. Thus, we expect that the all-flavor neutrino
production rate consists of a galaxy part ενQ
(g)
εν and a
cluster/group part ενQ
(cl)
εν plus a weaker galaxy-cluster
term,
ενQ
(g)
εν =
1
2
(1− e−f
g
pp)εpQ
(LM)
εp
ενQ
(cl)
εν =
1
2
[(1− e−f
cl
pp)εpQ
(HM)
εp
+ η(1− e−f
cl
pp)e−f
g
ppεpQ
(LM)
εp ],
(17)
where the energies of the neutrinos and CR protons are
related by εν ≈ 0.05εp. Note that the luminosity density
evolution of neutrinos and γ-rays is different from that of
CRs in general. In the first line of Eq. 17 εpQ
(LM)
εp is the
CR input rate (see Eq. 6) from galaxy mergers in low-
mass (LM) halos, e.g. [1010 M⊙, 10
13 M⊙]. In the second
line εpQ
(HM)
εp is the CR input rate of the high-mass (HM)
halo mergers, in the interval [1013 M⊙, 10
15 M⊙]. The
factors 12 (1 − e
−f i
pp)εpQ
(j)
εp are the neutrino luminosity
density from CRs originating from mergers of mass (j) in
gas of density i. For our fiducial parameters, these two
components constitute the largest fraction of the neu-
trino budget. Nevertheless, for completeness, we have
included in the third line of Eq. 17 the sub-dominant ef-
fect due the CRs produced in galaxy mergers which may
escape the host galaxies and collide with intra-cluster
gas to produce neutrinos. (This can be important only
if the pp interactions in galaxy mergers are inefficient.)
We introduce a parameter η to represent the fraction
of galaxy mergers that occur inside clusters which lead
to some CRs escaping into the gas halo. This can oc-
cur preferentially at lower redshifts. Since the boundary
between LM and HM is ambiguous and the fraction η
can change with redshift, this parameter is very uncer-
tain, and may conservatively be estimated as between
0.1 and at most 0.5. Fortunately, the contribution of this
higher-order third component depending on η is small
compared to the first two components in Eq. 17, due to
the factor e−f
g
pp . At z = 1, the ratio between the third
line and the first line is ≤ 10% even if η is assumed to be
unity, and it is increasingly negligible at higher redshift
since fgpp increases as the gas density increases. There-
fore, the exact value of η does not significantly influence
our final results.
5. DIFFUSE NEUTRINO AND γ-RAY SPECTRA
With the above, we are able to determine the CR en-
ergy input rate, ενQ
(g)
εν and ενQ
(cl)
εν . Figure 3 shows the
CR input power over the whole mass interval 1010M⊙−
1015M⊙ as a function of z as well as the LM and HM
components of (σ0 = 300, ξ
evo
g ) scenario. As can be seen
from the redshift distribution of the CR energy input,
using a redshift evolving gas fraction ξevog , a significant
fraction of this occurs at redshifts z ∼> 3, above which
a significant γγ attenuation of the accompanying high-
energy γ rays at ∼> 20−30 GeV energies can be expected
(e.g., Chang et al. 2016; Xiao et al. 2016). In addition,
from Figure 3, we find that the high-mass and low-mass
components are comparable in local mergers, implying
that the cluster/group merger contribution is also im-
portant. Also, the galaxy merger contribution to the
CR luminosity density is more important at z ∼> 2.
Given the neutrino input rate, the all-flavor neutrino
flux can be expressed as (Murase et al. 2016)
ε2νΦεν =
c
4π
∫
ενQ
(g)
εν + ενQ
(cl)
εν
(1 + z)
∣∣∣∣ dtdz
∣∣∣∣ dz , (18)
Based on the branching ratio between charged and neu-
tral pions, the initial diffuse γ-ray energy spectrum
is expected to be given by ε2γΦεγ =
2
3ε
2
νΦεν |εν=0.5εγ .
Since however the high-energy γ rays can annihilate with
lower energy photons, such as those from the extragalac-
tic background light (EBL) and the cosmic microwave
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Figure 3. CR energy input rate versus redshift. The red
lines correspond to a redshift-dependent gas fraction ξevog
and the blue lines are for a redshift-independent gas frac-
tion ξg = 0.05, while the solid lines are for σ0 = 300 and
the dashed are for σ0 = 500, repectively. The dashed
and dash-dotted magenta lines are LM and HM compo-
nents of (σ0 = 300, ξ
evo
g ) scenario. Here LM and HM
denote the low-mass (1010 M⊙ − 10
13M⊙) and high-mass
(1013 M⊙ − 10
15M⊙) intervals, respectively.
background (CMB), we introduce an attenuation factor
exp[−τγγ(εγ , z)] to the integration, where τγγ is the γγ
optical depth at redshift z. In this paper, we use the op-
tical depth provided by (Finke et al. 2010; Inoue et al.
2013) for low-redshift (z ≤ 5) and high-redshift (z > 5)
inputs, respectively. The attenuated γ-ray flux is then
ε2γΦεγ =
c
4π
∫
2
3
[
ενQ
(g)
εν + ενQ
(cl)
εν
(1 + z)
∣∣∣∣ dtdz
∣∣∣∣
]
× exp[−τγγ(εγ , z)]dz
(19)
with εp = 10εγ(1 + z). In addition, the electron-
positron pairs produced in the γγ annihilations will sub-
sequently scatter off the ambient diffuse photon back-
grounds, leading to an electromagnetic cascade which
in part compensates for the attenuation, while re-
processing the photon energy towards lower energies,
which can be detected by, e.g. the Fermi-LAT instru-
ment. In this paper, for simplicity, we use the uni-
versal form for the resulting cascaded γ-ray spectrum
given by Berezinsky & Smirnov (1975) (see also, e.g.,
Murase & Beacom 2012; Senno et al. 2015),
εγ
dN
dεγ
∝ G(εγ) =


(
εγ
εbr
γ
)−1/2
εγ ≤ ε
br
γ(
εγ
εcut
γ
)−1
εbrγ < εγ < ε
cut
γ
(20)
where εcutγ is defined by τγ(ε
cut
γ , z) = 1 and ε
br
γ =
0.0085 GeV(1 + z)2
(
εcut
γ
100GeV
)2
.
The all-flavor diffuse neutrino and γ-ray fluxes are
plotted in Fig. 4, together with the IceCube ob-
served astrophysical neutrinos. The red points and cyan
points correspond to the all-flavor averaged neutrino
flux (Aartsen et al. 2015, 2016) and the 6-year high en-
ergy starting-events (HESE) (Aartsen et al. 2017), re-
spectively. The Fermi-LAT observed total extragalac-
tic γ-ray background (EGB) (Ackermann et al. 2015) is
shown by the blue points. The yellow area is the best-fit
to the up-coming muon neutrinos scaled to three-flavor.
Figure 4 shows the results for an assumed redshift-
dependent gas fraction ξevog , as illustrated in Fig. 4(a)
for σ0 = 300 and in Fig. 4(b) for σ0 = 500, showing
the effect of the corresponding different shock veloci-
ties vs. In each figure, the magenta line represents the
neutrino flux while the green line illustrates the corre-
sponding γ-ray flux after cascading down. The galaxy
and cluster contributions to the neutrino flux are plotted
in dashed lines and dash-dotted lines. The non-blazar
(Ackermann et al. 2016) component of the unresolved
extragalactic gamma-ray background is shown as the
pink area.
For illustration purposes, we consider next the corre-
sponding results using the redshift-independent gas frac-
tion ξg = 0.05, which are shown in figures 5 (a) and
5 (b). The comparison between the galaxy and cluster
components indicates that the high-energy neutrinos are
dominantly produced by the propagation of CRs in the
clusters. This is a consequence of the rapid redshift evo-
lution of the galaxy radius, since the size of the host
galaxy limits the maximum CR energy as well as the
neutrino production efficiency by restricting the diffu-
sion time. In addition, a redshift-dependent ξevog boosts
the CR budget to a relatively higher redshift (z ≈ 3), as
can be seen from the red line in Fig.3, which as was ex-
pected leads to a reduction in the γ-ray flux. From these
figures, we can also see that even with the moderate sen-
sitivity of the results to the parameters r0 and σ0, the
results can broadly fit a significant fraction of the Ice-
Cube data without violating the non-blazar EGB. Con-
versely, the γ-ray and neutrino fluxes are significantly
constrained in this scenario, indicating that the halo and
galaxy mergers can be regarded as promising sources of
neutrinos in the context of multi-messenger studies.
6. DISCUSSION
In this work, we investigated the contribution of halo
mergers to the diffuse neutrino and γ-ray backgrounds,
and tested whether the non-blazar diffuse γ-ray back-
ground Fermi constraint is violated. Our results differ
from previous work by Kashiyama & Me´sza´ros (2014) in
that we studied both galaxy and cluster/group mergers
out to higher redshifts, up to z ≈ 10, by considering
the redshift evolution of the average galactic radius, the
shock velocity and the gas content inside the halos, as
well as the galactic/intergalactic magnetic fields.
The redshift evolution of galaxy radius implies that
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Figure 4. Left panel: Neutrino (all flavor) and γ-ray fluxes from halo mergers with redshift-evolving gas fraction ξevog , Rg,0 =
10 kpc, Hg,0 = 500 pc. The shock velocity is obtained using r
sc
0 (z) and σ0 = 300. The magenta line is the neutrino spectrum
while the green line is the corresponding γ-ray spectrum. Galaxy and cluster contributions to the neutrino flux are illustrated
as the dashed and dash-dotted lines, respectively. Right panel: same as left panel except σ0 = 500 is utilized for vs.
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Figure 5. Left panel: same as Fig. 4 (a), σ0 = 300, except that ξg = 0.05 is used to estimate the redshift evolution of the halo
gas fraction. Right panel: same as left figure except with σ0 = 500.
there exist more protogalaxies, or equivalently more
mergers at higher redshift. In fact, the merger rate
calculated using our approximate approach verifies this
conjecture, as well as being consistent with the Illus-
tris simulations (Rodriguez-Gomez et al. 2015). Also,
our estimates of the gas fraction ξevog based on the cor-
relation between the galactic gas content and the star
formation rate shows that the gas in high-redshift ha-
los is relatively denser than in the current epoch ha-
los. The net effect is that high-redshift halo mergers
can contribute a significant fraction of the cosmic rays
that are capable of producing high-energy neutrinos, as
shown in Fig. 3. This is crucial since the accompanying
γ-ray photons in the ensuing pp collisions at high red-
shifts can be sufficiently absorbed via γγ annihilations
against CMB and EBL photons. In both cases with ξevog ,
our results indicate that high-redshift galaxy/halo merg-
ers can explain a large fraction of the IceCube observed
diffuse neutrinos up to ∼PeV, with an accompanying γ-
ray diffuse observed flux which is below the non-blazar
Fermi constraints.
We note that according to our calculation, the dif-
fuse flux of CRs that survive from energy losses via pp
collisions is less than 10−8 GeV cm−2 sr−1 s−1, which
is lower than the observed CR flux around the knee or
sub-ankle energy.
The CR acceleration efficiency ǫp is expected to be
∼ 0.1 based on the diffusive shock acceleration theory.
The redshift dependences of gas fraction ξevog and galaxy
radius are relatively well-modeled from current theories
and observations, so our scenario can put a tighter con-
straint on the shock velocity of galaxy mergers. How-
ever, there are large uncertainties in the model. For
example, the maximum energy depends on the mag-
netic field strength that is highly uncertain. On the
other hand, the fiducial value of ∼ 10 PeV is not far
10 Yuan et al.
from the knee energy at ∼ 3 PeV, so our assumption
is reasonable. One of the most important uncertainties
is caused by the shock velocity. Our fiducial parame-
ters (σ0 = 300 with ξ
evo
g ) imply a lower neutrino flux
compared to the observations. This could be overcome
by assuming a higher velocity with a stronger magnetic
field. Or it may be possible to achieve the IceCube flux
at ∼> 0.1 PeV without exceeding the Fermi constraint by
increasing the cluster contribution. However, the clus-
ter contribution is more uncertain. Non-thermal emis-
sions from merging/accreting clusters have been stud-
ied by various authors (e.g., Berrington & Dermer 2003;
Fujita & Sarazin 2001). The Mach number of shocks on
the cluster scales is so low due to the high temperature
of the intra-cluster medium that the shock may not be
strong enough to have a hard spectrum of s ∼ 2.
We note that, in addition to mergers, also clus-
ter accretion shocks and powerful jets from radio-loud
AGNs can contribute to CR acceleration inside the clus-
ters/groups, as considered in the previous literature
(e.g., Murase et al. 2013; Fang & Murase 2018, and ref-
erences therein). One of the generic features of the CR
reservoir scenario is that different possibilities for CR
acceleration are not mutually exclusive, and additional
contributions from various CR accelerators may enhance
the neutrino flux. Another CR source that can be as-
sociated with galaxy mergers is that the compression
of the ISM gas can trigger an intense starburst. As
discussed by Charbonnel et al. (2011), two processes in
colliding galaxies could induce starburst: radial gas in-
flows can fuel a nuclear starburst, while gas turbulence
and fragmentation can drive an extended starburst in
clusters. Such intense star-formation can naturally lead
to the injection of CRs from the ensuing massive stel-
lar deaths, including from SNRs and HNRs. In addi-
tion, CRs may also be injected from disk-driven out-
flows and weak jets from AGNs (Murase et al. 2014;
Tamborra et al. 2014; Liu et al. 2017). The CR contri-
butions from these sources, which would be additional
to CRs from the mergers considered here, are signifi-
cantly model-dependent, and we do not attempt here a
quantification of their relative importance.
One important factor that may influence the final
results is the CR power-law index s, since the fac-
tor ε2−s, the maximal CR energy as well as a new
C = ((εmaxp )
2−s − (εminp )
2−s
)/(2− s) are required to cor-
rect the Eq. 6 when s deviates from 2.0. As presented
in Eq. 6, we assume that the shock is non-radiative
and infinitesimally thin and hence the Fermi first or-
der acceleration in the strong shock limit implies s = 2.
However, a finite width of the shock can steepen the
spectrum to s ∼> 2.0, while a radiative shock would pro-
duce a CR spectrum with a power-law index lower than
2.0. For radiative shocks, Blandford & Eichler (1987)
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Figure 6. The neutrino fluxes for different compression
ratios and CR power-law indices. The black, magenta,
blue and greens lines correspond to the power-law indices
s = 2.2, 2.0, 1.5 and 1.03.
showed that the power-law index of the accelerated CRs
is s = (φ + 2)/(φ − 1) where φ is the compression ra-
tio. Moreover, Yamazaki et al. (2006) assume φ = 7 and
s = 1.5 as fiducial values when studying the radiative
cooling of SNR shocks. Note that the compression ratio
for radiative shocks with an isothermal adiabatic index
γ = 1 can be written as φ = M2 ≫ 1, where M is the
upstream Mach number. We asume thus s = 1 in this
extreme case. To illustrate how the neutrino spectra
are affected by the radiative cooling and/or the width
of the shocks, we plot in Fig. 6 the neutrino fluxes for
four cases s = 2.2, 2.0, 1.5 and 1.03 which correspond to
φ = 3.5, 4, 7, 100, respectively. As can be seen, a harder
CR power-law index (lower s) will produce more high-
energy neutrinos. Thus, in principle, a mildly radiative-
cooling shock (1.5 ≤ s ≤ 2) can more easily achieve
the high-energy neutrino flux in the range 10 TeV to
∼ PeV. On the other hand, s ∼> 2.1 − 2.2 is disfavored
because of the damping factor ε2−s, which is consistent
with previous work (Murase et al. 2013). Note that the
hard spectrum is expected for the cold gas environment
that would be valid in sufficiently low-mass halo merg-
ers. If the temperature is so high, the Mach number is
expected to be low, as expected for cluster mergers. In
this case, the spectrum is softer for massive clusters, and
details are beyond the scope of this work.
Additional contributions may arise from the galax-
ies moving through the cluster or dark matter halo, as
their hypersonic peculiar motion will result in a shock
as they plow through the intra-cluster gas, which as a
result can also contribute to the diffuse γ rays and neu-
trinos. Supposing as an extreme case that the loss of the
galaxies’ kinetic energy due to the gravitational drag is
completely converted into CR energy, we estimate a CR
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energy budget of
εpQ
(IGM)
εp = ǫpC
−1
IGM
∫
dMh
4πG2M2hρcl
vs
dN
dMh
ln
(
Rcl
Rg
)
,
(21)
which is three orders of magnitudes lower than halo
mergers estimated in the previous sections, because of
the tenuous intergalactic gas density. Hence, these
shocks contribute only a relatively small amount of dif-
fuse neutrinos and are negligible compared to the merg-
ers.
7. SUMMARY
In summary, we found that the CR luminosity den-
sity by halo mergers can be comparable to that from
starburst galaxies, which can be expected from galaxy
mergers. In particular, the CR input from galaxy merg-
ers and cluster/group mergers is comparable in the local
universe, and the former is more important at higher
redshifts, z ∼> 2 (see the dashed and dash-dotted lines
in Figure (3). This emphasizes the importance of our
results for CR reservoir models. We have considered
the neutrino and γ-ray production in galaxy-galaxy and
cluster/group merger environments and found that such
mergers could explain a large portion of the IceCube dif-
fuse neutrino flux. Since many more galaxy-scale, low-
mass halo mergers occur at relatively high redshifts, the
contribution to the diffuse γ-ray background observed
by Fermi is more suppressed, due to the γγ absorp-
tion. Despite the various uncertainties due to the lack
of high redshift observations of the galactic and clus-
ter morphologies, the gas distribution and the galac-
tic/intergalactic magnetic fields, some of the crucial and
sensitive parameters including the gas fraction ξevog are
relatively well constrained. The parameter space left for
variance of both the neutrino and γ-ray spectra is re-
stricted by our results, as demonstrated in Figs. 4 and
5. One of the large uncertainties comes from the spec-
tral index, and we demonstrated the cases of harder CR
spectral indices, 1.5 ∼< s ∼< 2, which could be expected
in strong radiative shocks.
One of the predictions of the halo merger model is that
the effective number density of these sources is expected
to be ∼ 10−5 Mpc−3, which is similar to the number
density of starburst galaxies and AGN with disk-driven
outflows. The present model is testable in the sense
that such halo merger sources are detectable with next-
generation detectors such as IceCube-Gen2 via searches
for multiplets, auto-correlation, and cross-correlation
signals (Murase & Waxman 2016). One must keep in
mind that the contributions from galaxy/halo mergers
are degenerate with those from other possibilities, such
as the starburst and AGN contributions, since a large
fraction of starburst and AGN activities can be induced
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Figure 7. Merger rates from Eq. (22). The blue line repre-
sents the whole mass range (1010 M⊙ ∼ 10
15 M⊙) and the
red line corresponds to 1012 M⊙ < Mh < 10
13 M⊙
.
by these mergers. To distinguish among these models,
cross-correlation or auto-correlation studies in neutri-
nos and γ-rays should be useful. Also, to identify the
merging sources, it will be important to investigate these
sources at multi-wavelengths.
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APPENDIX A: THE MERGER RATE
In this section we present a comparison between
our halo merger rate with the Illustris simulations
(Rodriguez-Gomez et al. 2015). In our calculation,
we assign a mean merger probability P (M, z) =
exp(−tmerger/tage) to each dark matter halo during tage.
Here, tmerger, which can be obtained from the second
equation of Eq.(5), averages all possible mass ratios, e.g.
ζ ∈ (0, 1]. In our calculation, we do not need to use the
cumulative merger rate over mass directly, instead the
factor dNdM
P (M,z)
tage
in the integrand of Eq. (6) is used to
illustrate the number of mergers for a halo with mass
M and at redshift z. However, in order to compare our
results with the simulations, it is worthwhile to estimate
the average cumulative merger rate using our approach,
R(z) =
∫
dN
dM
P (M,z)
tage
dM∫
dN
dM dM
. (22)
The merger rate is shown in Fig. 7 where the blue line
represents the whole mass range (1010 M⊙ ∼ 10
15 M⊙)
and the red line corresponds to 1012 M⊙ < Mh <
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1013 M⊙. In both cases, the mass ratio covers the entire
interval as in the middle equation of Eq. (5) which is
integrated over ζ from 0 to 1. The merger rate given by
Illustris simulations is shown in the lower panel.
One can compare our results with solid black lines
in the right panel of Fig. 2 in Rodriguez-Gomez et al.
(2015), since the increase in the merger rates given by
simulations (as shown as colored lines) seen at low red-
shifts is due to a limitation of the splitting algorithm. As
can be seen, our merger rate in the same mass interval
is comparable to the merger rate in the right panel with
the mass ratio ≥ 1/1000. Considering that we are using
a totally different method and this approach is primarily
designed to evaluate the merger probabilities of halos of
various masses and at different redshifts, the moderate
degree of discrepancy can be considered acceptable.
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